INTRODUCTION
============

Controlling the shape and size of nanoparticles remains a main goal in colloid chemistry to achieve desired electronic, optic, and catalytic properties ([@R1]--[@R7]). Especially in catalysis, improved catalytic activity, selectivity, and stability largely depend on the number and types of active sites offered by the surface geometry of nanocatalysts whose growth trajectory must be engineered ([@R4], [@R6], [@R8]). Nanocluster nucleation is one of the key processes during growth. Manipulation of the nucleation kinetics has led to successful synthesis of a group of shaped nanoparticles including nanorods ([@R9]), nanocubes ([@R10]), octahedra ([@R11]), octopod-shaped nanoparticles ([@R12], [@R13]), icosahedra ([@R5]), and other multiply twinned nanoparticles, featuring various enclosing surface features. In general, nucleation is also the initial step in materials synthesis. Without understanding how atoms interact with each other, further improvement on controlling the nucleation kinetics is challenging ([@R14]). For example, shaped Pt nanoparticles are usually synthesized in a liquid-phase reaction, where chemical compounds consisting of noble metal and ligands such as C--H or Cl^−^ serve as the precursor; in such a system, current knowledge of Pt cluster nucleation is based on experimental observations that, during growth, the precursor will be reduced by the reducing agent, and the newly formed metal monomers will form small face centered cubic (FCC)/body centered cubic (BCC) clusters owing to the metal-metal interaction. This process is similar to precipitation of solid from the solution. This hypothesis only addresses the kinetics of the reduction process as a whole ([@R15]--[@R17]), while direct imaging of the nucleation process covering different stages of the reduction and cluster formation is still missing. A microscopic mechanism detailing the intermediate reaction steps is not available.

Growing nanostructures in the solid phase represents an alternative to materials synthesis in liquid phase. The solid inorganic precursors can be crystalline, where the anion and cation are ionically bonded; for example, K^+^ and PtCl~4~^2−^ are ionically bonded in K~2~PtCl~4~. Therefore, under an external trigger, the ionic crystal can dissociate, starting from the weaker bond in solid phase. The reduction process in solid phase may also provide mechanistic insights for reactions in liquid phase, although the redox potential changes depending on the aqueous environment. Studying the reduction process in the solid state can thus help improve the general understanding of materials transformation. Fine control of the growth kinetics is also possible in materials synthesis in the solid state. It has been shown that by using H~2~ as the surface adsorbate and reducing gas, Pt and PtNi nanowires can be synthesized in the solid state upon annealing at 250°C ([@R18]). Such kinetic control offered by a gas molecule adsorbate provides a controlled pathway at the gas-solid interface to grow nanostructures free of organic surfactant, which is usually used in wet chemistry, and thus is easy to apply to scalable production. It is therefore of considerable significance to better understand the kinetic mechanism of the materials transformation from precursors to nanostructures at the atomic scale through observing the ionic bonding breaking.

Another direct benefit of studying the nucleation process in the solid phase is that, without the liquid environment, characterization tools with ultrahigh resolution, such as in situ x-ray nanodiffraction and transmission electron microscopy (TEM), can be applied to resolve the evolving structure in both real and reciprocal space ([@R19], [@R20]). For example, the grain rotation and lattice deformation of AgBr have been captured and quantified during the photo-induced chemical reaction of AgBr ➔ Ag + Br, using in situ x-ray nanodiffraction ([@R19]). In TEM, similarly, if the well-defined lattice from the precursor and inter-atomic spacing can be probed with a high signal-noise ratio, then the reduction kinetics can be tracked even at the atomic scale. However, most precursors are sensitive to electron beams and are known to be reduced by photo illumination during nanostructure synthesis. In previous research, this sensitivity limited the ability to study the dynamics of the transformation from precursor to nanocluster, as it is nearly impossible to catch the initial atomic structure of the precursor.

Here, we report a study on the atomic resolution imaging of a Pt precursor compound and the dynamics of transformation from precursors to nanoclusters. We are able to resolve the atomic structure using the newly developed low-dose imaging capability provided by the complementary metal-oxide semiconductor--based direct electron detector coupled with a double aberration-corrected transmission electron microscope. The dynamics of different stages of decomposition, reduction, and nucleation are captured, identified, and revealed. The insight gained with the combined spatial and time resolution leads to a better understanding of the transformation kinetics of Pt from precursors to nanoclusters and is a promising way to study atomic-scale reaction dynamics in general.

RESULTS
=======

K~2~PtCl~4~ is commonly used as the precursor of Pt nanoparticles in a typical synthesis. Its crystal structure is illustrated in [Fig. 1A](#F1){ref-type="fig"}. For TEM experiments, K~2~PtCl~4~ was first dissolved in deionized water at a concentration of 0.02 M and dispersed onto the carbon film of a TEM grid. Upon drying, the precursor formed crystallites as shown in [Fig. 1B](#F1){ref-type="fig"}. In the bright-field TEM image ([Fig. 1B](#F1){ref-type="fig"}), the crystallite is around 50 nm by 60 nm in size. Because K~2~PtCl~4~ can be reduced by electron beam under normal imaging conditions, it is challenging to resolve its pristine atomic structure. We thus weakened the electron beam dose to less than 1 e/A^2^·s when taking images and performing electron diffraction to limit possible beam-induced reduction of the sample. Using a similar technique, beam-sensitive materials including metal-organic frameworks and halide perovskite structures have been imaged ([@R21]). In [Fig. 1C](#F1){ref-type="fig"}, the diffraction pattern exhibits a symmetry of D4h1 (P4/mmm) along the (100) zone axis. High-resolution electron microscopy (HREM) was carried out at 300,000× magnification. Sixty-four images from the same area were taken at an exposure time of 0.1 s each, after which the images were aligned using cross-correlation and averaged. Each individual image does not yield interpretable contrast and intensity from the structure (fig.S1); however, after averaging over 64 images, atomic columns were resolved clearly, as shown in [Fig. 1D](#F1){ref-type="fig"} and fig. S1 to S4 and demonstrated in movie S1.

![Low-dose atomic resolution imaging of K~2~PtCl~4~.\
(**A**) The atomic model of the K~2~PtCl~4~ unit cell, with K in cyan, Pt in purple, and Cl in pink. (**B**) Bright-field TEM image of a large K~2~PtCl~4~ crystallite. (**C**) Diffraction pattern of the K~2~PtCl~4~ crystallite in (B) after it is tilted along the (001) zone axis. (**D**) Atomic resolution low-dose TEM image of K~2~PtCl~4~. Dose fractionation was done using an electron dose of 1 e/Å^2^·s, with 0.1 s for each image. Sixty-four images were acquired, aligned, and averaged. The electron dose then becomes 6.4 e/Å^2^. The atomic model is overlaid in the inset. (**E**) Simulated HREM image of K~2~PtCl~4~ with a thickness of 12.3 nm. (**F**) A zoomed-in image of K~2~PtCl~4~ from a sub-area in (D), and the intensity line profile in arbitrary units (a.u.) from the red box, is shown in (**G**), where the intensity from Pt atoms is located between two Cl atoms.](aau9590-F1){#F1}

The high-resolution TEM image in [Fig. 1D](#F1){ref-type="fig"} shows periodic latticed squares with an atom in the center (colored yellow in Fig. 1D and fig. S3) and those without bright atomic contrast in the center (colored blue in Fig. 1D and fig. S3). By comparing the atomic resolution images with the available atomic structure of K~2~PtCl~4~ ([@R22]), the element of each individual atom can be identified. The atoms in the corners are K, the atoms in the middle of the edges of the squares are Cl, and those in the center of the square colored yellow are Pt, as shown in [Fig. 1](#F1){ref-type="fig"} (A, D, F, and G) and fig. S3. The simulated HREM image in [Fig. 1E](#F1){ref-type="fig"} using the atomic structure refined from the experiment also fits well with [Fig. 1D](#F1){ref-type="fig"} and fig. S5. It is noteworthy that the variation of intensities from K and Cl in experimental images compared to those from simulated images comes from two parts, including the possible slight structure tilt away from the accurate zone axis and the low electron dose resulting in the random fluctuation of image intensity.

It has been reported that the reduction of dual-valence Pt(II) to its metallic state can be obtained by electron transfer from inorganic and organic reducing agents, via photodecomposition ([@R23]), radiolysis ([@R17]), sonochemical reduction ([@R24]), and a variety of other methods ([@R25]). In TEM, as imaging electrons are also a reducing agent, either a long exposure time under a low electron dose or elevating the electron beam dose can induce the transformation from a K~2~PtCl~4~ compound crystallite to Pt nanoclusters. This process is demonstrated in movie S2. Upon increasing the electron beam dose to 30 e/A^2^∙s, the lattice from K~2~PtCl~4~, originally visible over the entire area, evolved and eventually developed into separate individual Pt clusters. In [Fig. 2](#F2){ref-type="fig"}, sequential HREM images taken from the video illustrate the formation of a number of Pt nanoclusters. In the zoomed-in images in [Fig. 2B](#F2){ref-type="fig"}, at 1.00 s, the existence of Pt nuclei within the K~2~PtCl~4~ lattice is initially indicated by the Moiré fringes. The Moiré fringes gradually adopted the FCC lattice of Pt from 1.80 s to 3.80 s, as shown within the areas in the red contours; this is indicative of a Pt cluster inclusion forming within the K~2~PtCl~4~ lattice matrix. The Pt nanocluster grew more pronounced over time. At 4.00 s, the K~2~PtCl~4~ lattice broke and then disappeared, leaving the Pt cluster in the center, which indicates that the entire Pt precursor was consumed upon the formation of Pt nanoclusters. Neither lattice from K~2~PtCl~4~ nor lattice from Pt is observed in the region colored yellow surrounding the Pt cluster ([Fig. 2B](#F2){ref-type="fig"}).

![Evolution of K~2~PtCl~4~ into Pt nanoparticles.\
(**A**) Sequential TEM images show the evolution of K~2~PtCl~4~ into Pt nanoparticles. A Pt nanoparticle nucleation process is shown in the zoomed-in images in (**B**), from the marked sub-area within the white dashed boxes in (A). The red contour lines indicate the edge of the newly formed Pt clusters. The region in yellow highlights the void area without lattice after the formation of a Pt cluster.](aau9590-F2){#F2}

The Pt nanoclusters also form over extended time under low-dose imaging conditions, as shown in fig. S7. A sub-area of the sequential images was selected, and the fast Fourier transformation (FFT) was applied to discern the structure. From the time series FFT patterns in [Fig. 3A](#F3){ref-type="fig"} and fig. S8, the two-dimensional (2D) reciprocal lattice of K~2~PtCl~4~ can be seen at the beginning and through the entire process until 18:23. This pattern became weak over the course, while other FFT spots appeared and several FFT ring patterns evolved. At 20:51, the FFT ring pattern from Pt is the major feature.

![Sequential RDF during the transformation.\
(**A**) Time series diffractogram using FFT from sequential low-dose images. (**B**) RDF derived from the sequential diffractogram.](aau9590-F3){#F3}

The FFT patterns were then integrated radially. The intensity profile can be compared with powder XRD patterns, as in fig. S9. The beginning FFT intensity profile shows characteristic peaks in the simulated powder XRD from K~2~PtCl~4~; after 9:55, many reflections disappear. This radially integrated intensity profile from FFT also reflects the radial distribution function (RDF). Peaks in the RDF correspond to atom pairs with certain bond lengths and therefore can be used to identify the species with characteristic periodicity. From the RDF spectra, we see that, from 00:00 to 13:42, the peak at 1.4 1/nm corresponding to the Pt-Pt spacing, the peak at 3.05 1/nm corresponding to the K-K spacing, and the peak at 4.26 1/nm corresponding to the Pt-Cl spacing from K~2~PtCl~4~ become weaker, while the peak at 3.35 1/nm becomes stronger at 9:55 and remains strong until 16:13. By correlating the reciprocal space with real space, we found that the peak at 3.35 1/nm is from the spacing of Cl-Cl in the form of \[PtCl~4~\]^2−^ and PtCl~2~. As all other peaks from K~2~PtCl~4~ fade and disappear, this peak at 3.35 1/nm remains from 9:55 to 16:13, indicating the existence of \[PtCl~4~\]^2−^ in the early stage and PtCl~2~ later at the intermediate stage. Eventually, the RDF is well fitted with polycrystalline Pt, where the peaks from Pt(111), Pt(200), Pt(220), and Pt(311) planes are more intensive in the end. The Pt(111) peak shifts from 4.74 to 4.65 1/nm in the reciprocal space. Because a larger spacing in reciprocal lattice corresponds to a smaller bond length in real space, the Pt(111) peak shift indicates the change from a smaller lattice spacing to a larger lattice spacing, and therefore, the Pt lattice experiences larger contraction at the beginning of the nucleation and lower contraction when the size of the Pt nanocluster grows. It has been reported that the nanoparticles have a surface contraction of up to 6.3% when their sizes are smaller than 4 nm ([@R26]). Comparing to the Pt lattice of 3.92 Å \[4.42 1/nm for Pt(111)\], our in situ results here show a lattice contraction from 6.9 to 5.1% during the growth of Pt nanoclusters. When the nanoclusters grow larger in size, electron scattering by higher index planes becomes stronger; thus, higher-order diffraction from Pt(200), Pt(220), and Pt(311) is seen at 20:51.

We further studied the other ending product in addition to the Pt nanoparticles to trace where the extra species of K and Cl were located. From the high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) image and 2D energy-dispersive spectra (EDS) map in [Fig. 4](#F4){ref-type="fig"}, the particles with brighter intensity are Pt. In the background, there are signals from K and Cl that are more evenly distributed over the area. The electron energy loss spectroscopy (EELS) in [Fig. 4](#F4){ref-type="fig"} also shows the K L~2,3~ edge and Cl L~2,3~ edge, indicating the existence of K and Cl from KCl after the formation of Pt nanoparticles.

![Composition analysis of the ending product.\
(**A** to **D**) HAADF image and EDS maps of the ending product of the in situ experiment and (**E**) EELS of the ending product of the in situ experiment showing the existence of Cl and K.](aau9590-F4){#F4}

DISCUSSION
==========

By combining the information from the reaction dynamics captured in real space, the RDF, and the spectroscopy, we propose that the precursor, K~2~PtCl~4~, first decomposes into K^+^ and PtCl~4~^2−^ owing to the weaker ionic bonding. PtCl~4~^2−^ then decomposes into PtCl~2~ and Cl^−^. This second stage has not been reported in experimental studies, which is now revealed from the FFT of the high-resolution image taken under a low electron dose and high acquisition efficiency. Upon the removal of the K species from the precursor, the lattice became less stable. Compounds including PtCl~2~, KCl, and Cl~2~ can move freely. Eventually, PtCl~2~ is reduced into Pt, and the formation of the Pt nanoparticle leaves KCl and Cl~2~ as the residual species, with Cl~2~ in the gas phase and being removed from the TEM column. The zerovalent Pt species either form small nuclei or migrate and grow into larger Pt nanoparticles. This entire process is demonstrated in the atomic models in [Fig. 5](#F5){ref-type="fig"}. Our finding on the staged reduction and nucleation of Pt agrees with that of the free energy in chemical reaction: From the previous calculation ([@R27]), the transformation of PtCl~4~^2−^ ➔ PtCl~2~ + 2Cl^−^ has Δ*G* = 28.9 kcal/mol, and then for PtCl~2~ ➔ Pt + Cl~2~, Δ*G* = 18.7 kcal/mol. Therefore, from the initial precursor to PtCl~2~, the energy required is 28.9 kcal/mol, and an extra energy of 18.7 kcal/mol is required to further reduce PtCl~2~ to Pt.

![A schematic showing the evolution of K~2~PtCl~4~ into Pt nanoparticles.\
(**A**) K~2~PtCl~4~, (**B**) dissociation of K^+^ and \[PtCl~4~\]^2−^, (**C**) further dissociation into PtCl~2~ and KCl, and (**D**) nucleation of Pt nanoparticles.](aau9590-F5){#F5}

It has been reported that, during the synthesis of Au nanostructures in liquid phase using AuCl~4~^−^ as the precursor, the AuCl~4~^−^ is first reduced to AuCl~3~^−^ with Au--Au bonded to each other and forming a dimer structure; after AuCl~3~^−^ is reduced into AuCl~2~^2−^, the AuCl~2~^2−^ forms trimer structures ([@R28]). A similar process of Pt has been predicted in molecular dynamics simulations ([@R29]), where Pt dimers could be stabilized by Cl^−^ preferably, and zerovalent Pt clusters are not nucleated directly from the precursor. Experimental results have shown that with a weak/moderate reducing agent, the monovalent Pt dimer could be the first reaction intermediate ([@R16]), while under strong reduction conditions, Pt species are directly reduced into metallic Pt atoms, which nucleate into Pt nanoparticles. While neither scenario has been observed before, our in situ experiment showed the staged decomposition, reduction, and nucleation process of K~2~PtCl~4~ into Pt nanoparticles in the solid state. Similar to AuCl~4~^−^, we found that, before the complete reduction of Pt^2+^, a PtCl~2~ complex can form. The reduction effect from an electron beam under regular low-dose imaging conditions (30 e/A^2^·s) is also comparable to the moderate reducing agent since the precursor was not directly reduced into Pt atoms. In ultralow-dose imaging, the structure of K~2~PtCl~4~ remains intact through the extended imaging time, demonstrating that the reducing effect from the electron beam with an acceleration energy of 300 keV is negligible within the observation time, when the dose rate is below 1 e/A^2^·s.

During the growth of the Pt nanoparticle, multiple processes can take place: The Pt species in the form of PtCl~4~^2−^ and PtCl~2~ nearby can be reduced into single monomers first and deposited onto the Pt cluster; the monomers can also have nonzero valence states, such as Pt^+^ or Pt^2+^; on the other hand, Pt single atoms from small clusters can migrate to the larger ones as well via Ostwald ripening ([@R30]). Previous studies have shown that for the growth of Ag nanoparticles, successive coalescence and reduction steps can be involved ([@R31]). Specifically, ion monomers can migrate and attach to a growing cluster before the ion is reduced. They are reduced after the formation of a cluster ([@R31]). For Pt nanoparticle growth in liquid, studies show that the dynamic process involves a chain reaction, where the reduction of metal complexes can be catalyzed by the metal clusters formed previously ([@R16], [@R17]). Here, from our observation showing the Pt nanoparticle growth in a solid-state reaction, the void area, colored yellow, without lattice from either Pt or K~2~PtCl~4~ in [Fig. 2B](#F2){ref-type="fig"} close to the Pt particles, indicates that either the precursor or Pt zero valence monomers move to Pt nanoparticles. In the former case, Pt nanoparticles grow via self-catalyzing the precursor into a Pt zero-valent state and coalescence.

In general, studying the chemical reaction process in TEM requires the capture of the event at the atomic scale. In liquid, previous in situ studies on the growth of metal nanoparticles have shown that the development of the shape and morphology of nanoparticles can be tracked using liquid cells in TEM ([@R32]--[@R34]); however, the trackable particles have larger sizes. For example, Zheng *et al.* ([@R32], [@R33]) studied the growth of nanoparticles from 1 nm to 6 to 7 nm. As the observed nanoparticle growth usually started from a size larger than \~1 nm, in projection, this dimension corresponds to the length of three to five atoms. By estimation, for Pt nanoparticles, the size of 1 nm in a Wulff construction corresponds to more than 20 to 25 atoms, which is already well beyond the scale of a nucleation event right after reduction. In the solid state, however, by combining the low-dose high-resolution TEM imaging with in situ observation methods, the acquired image allows for the characterization of both initial atomic structure and intermediate species. The dynamic process can also be analyzed in Fourier space to reveal the kinetics from the evolving RDF related to the bond length between atoms, which provides critical insights into the reduction mechanisms.

In conclusion, using a new method with combined low-dose and fast imaging, we studied the materials transformation from the precursor of K~2~PtCl~4~ to Pt nanoparticles in the solid state. The pristine atomic structure of K~2~PtCl~4~ was revealed at sub-angstrom resolution, with all K, Pt, and Cl atoms resolved. In the in situ experiment, the captured dynamics show that the reduction is via multiple stages: the decomposition to K^+^ and \[PtCl~4~\]^2−^, the transformation from \[PtCl~4~\]^2−^ to PtCl~2~, and the reduction of dual-valent Pt^2+^ to Pt. These processes take place following the order of chemical and bonding energy and simultaneously. The newly formed Pt nanoparticles may also serve as a catalyst in the reduction of the precursor. Such a study not only reveals the dynamic process at the atomic scale but also can explain the general kinetics taking place in the chemical reaction. This method could also be applied to study materials transformation in general. For example, in gas cells, by introducing H~2~ as the surface adsorbate and reducing gas, we observed the formation of Pt nanowires in the solid state using in situ TEM ([@R18]); the existence of H~2~ can also lead to the shape change of spherical PdCu nanocrystals to cubes ([@R35]). When combined with low-dose imaging, in situ imaging could provide more insight into how to further modify the reaction path in the solid state to make size- and shape-specific structures and could benefit the applications of nanostructures on new energy, environmental remedy, nanomedicine, etc.

MATERIALS AND METHODS
=====================

Sample preparation
------------------

Potassium tetrachloroplatinate (K~2~PtCl~4~, 98%) was purchased from Aladdin. K~2~PtCl~4~ (41.51 mg) was dispersed into 5 ml of deionized water and sonicated for 10 min. Two microliters of this aqueous precursor solution was then dispersed onto an amorphous carbon TEM grid (SPI Supplies) and dried in air before low-dose and in situ imaging.

Electron microscopy
-------------------

HREM was carried out using JEOL-JEM300CF double aberration-corrected TEM at Irvine Materials Research Institute. The TEM was operated at 300 kV with both an image aberration corrector and a probe corrector. Before the HREM imaging, the small crystal of K~2~PtCl~4~ was tilted along the (001) zone axis according to the diffraction pattern. For low-dose imaging of the Pt precursor, a Gatan K2 camera was used in dose-fractionation mode, where an image with a long exposure time can be taken sequentially with multiple frames each acquired at segmented exposure times. The image size is 4k by 4k pixels. Electron dose was controlled at 1 e/Å^2^·s. The transformation of K~2~PtCl~4~ to Pt nanoclusters was captured using a Gatan OneView camera in in situ mode at a speed of 25 fps with a frame size of 4k by 4k pixels at a dose of 30 e/Å^2^·s.

HREM images were simulated using the multislice method in Zmult software package ([@R36]). The sample thickness was 12 nm. The image parameters used in the simulation were adjusted according to the experimental condition on JEOL JEM-300CF (300 keV, C~c~ = 10 μm, C~s~ = 1 μm).

To identify the composition of the ending product and their distribution, HAADF STEM imaging, EDS, and EELS were carried out on the sample after the in situ experiment and also on JEOL JEM300CF STEM. EDS was acquired using the dual high-speed high--solid angle SDD detectors. EELS was acquired using the GATAN GIF Quantum 965 system. The EELS spectra were taken in both the sample areas and adjacent carbon support. In [Fig. 4](#F4){ref-type="fig"}, the reference spectrum from carbon was subtracted to show L edges from K and Cl.
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Fig. S1. Low-dose TEM image of K~2~PtCl~4~.

Fig. S2. Atomic resolution low-dose TEM image of K~2~PtCl~4~.

Fig. S3. Zoomed-in image and atomic model of K~2~PtCl~4~.

Fig. S4. Low-dose TEM image and diffraction pattern of K~2~PtCl~4~.

Fig. S5. HREM simulation of K~2~PtCl~4~.

Fig. S6. Small Pt clusters grown on the matrix of K~2~PtCl~4~.

Fig. S7. Sequential low-dose TEM images of K~2~PtCl~4~.

Fig. S8. Sequential FFT and RDF.

Fig. S9. Analysis of the time-evolving RDF.

Movie S1. Low-dose HREM of the K~2~PtCl~4~ crystal using K2 dose fractionation.

Movie S2. In situ imaging of the reduction dynamics and the formation of Pt clusters.
